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SURFACE SELF-DIFFUSION ON NICKEL (111) 
BY RADIOACTIVE TRACERS 
ABSTRACT 
Surface self-diffusion coefficients have been measured by a 
0 
radioactive tracer method over the temperature range 614 C to 
ll 
840°C on nickel (Ill) surfaces characterized by LEED. Previously 
unrecognized tracer evaporation during surface diffusion resulted 
in restricted spreading of the tracer at higher temperatures. A 
theoretical treatment of the tracer evaporation phenomenon is 
presented and subsequently used in the analysis of the data. The 
temperature dependence of the surface self-diffusion coefficient 
(D ) for nickel (111) can be represented, over the experimental 
s 
temperature range, by a single Arrhenius type relationship, namely: 
D = 285 
3 
-(37. 7 +3. 8) X 10 /RT 2/ 
e - em sec. 
s 
Arguments are presented to justify an adatom surface diffusion 
mechanism which is characterized by trapping of the diffusing 
tracer atoms at ledge sites on a Terrace-Ledge-Kink (TLK) 
surface. The major portion of the 37. 7 kcal/mol activation 
energy for surface self-diffusion is attributed to freeing the 
diffusing atom from the ledge. 
iii 
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I. DISCUSSION OF THE PROBLEM 
A. Statement of the Problem 
In a broad sense, this study is concerned with advancing the 
understanding of the mobility of atoms on crystalline surfaces. 
More specifically. it is the temperature dependence of the surface 
diffusivity, from which the kinetics of the process can be deduced .. 
that is of particular interest to this work. By knowing the charac-
ter of the surface and the kinetics of the surface diffusion process 
it should be possible to explain the mechanism of surface diffusion. 
A number of techniques have been devised for gathering the necessary 
kinetic data, but very little effort has been expended in attempting 
to characterize the surfaces on which the diffusion is taking place. 
It can easily be recognized that even a fraction of a monolayer of 
impurities adsorbed at strategic sites on a surface might affect the 
results. The problem then is to develop an experimental technique 
that can be used to measure the surface diffusivi.ty on surfaces of 
knov.rn character and to extract information from these experiments 
that can be used to advance the understanding of the mechanism of 
surface diffusion. 
B. Background 
A number of techniques have been devised to measure the 
surface diffusivity, D, of crystalline materials. These include 
s 
mass transport studies, field ion and field electron micros copy, 
and radioactive tracer methods. Most of the information gained 
from the work published to date is subject to criticism on several 
2 
counts, the most important being that the nature of the surface was 
not specified. 
Mass transport studies involve measuring a change in surface 
morphology due to surface energy gradients. A scratch or series 
of scratches is made on a surface and allowed to decay to an 
equilibrium shape. 
calculated using the 
By measuring the rate of decay, D can be 
s 
( l) 
theory of Mullins . Most of the work 
reported in the literature was performed on uncharacterized 
surfaces which were probably contaminated with impurities. An 
inherent difficulty with this technique is that curved sur faces are 
necessary. This makes it difficult to correlate the kinetic data 
with the surface structure. Mass transport studies can only be 
used to study self diffusion at the present time. Recent advances 
. . (2, 3) 
by two groups of 1nvest1gators have resulted in techniques 
that hopefully overcome the surface cleanliness problem. 
3 
Several methods for measuring surface diffusion coefficients 
utilizing the field ion or field electron microscope are available. 
Unlike other methods surface cleanliness is no major problem as 
. -12 
expenments are typically conducted in a 10 torr vacuum. The 
nature of the surface is difficult to specify, however, as the 
diffusion takes place on an emitter tip having a radius of approxi-
mately 2500 angstroms. It is possible to measure impurity surface 
diffusion coefficients, but the choice of surfaces is limited to the 
more refractory metals. 
The radioactive tracer method of determining surface 
diffusivities is un1que in several respects. First, the surfaces 
employed are as flat and smooth as it is experimentally possible 
to make them. Secondly, the method can be used for either im-
purity or self-diffusion determinations, within the obvious limitation 
of tracer availability. Until recently tracer studies were subject 
to the surface cleanliness and characterization problem. However, 
the availability of ultra-high vacuum technology and low energy 
electron diffraction ( LEED) makes it possible to work on character-
ized surfaces. The main drawback to the method seems to be 1n 
properly accounting for the various losses of tracer from the 
surface via volume diffusion. defect diffusion, or evaporation. 
4 
C. Motivation 
It is difficult to think of a metallurgical process m which a 
surface or a surface phenomenon does not play a role. Invariably, 
the role is little understood and until recently the experimental 
difficulties of studying surface phenomena have discouraged all 
but a hard core of scientists. Unfortunately, much of their work 
has been done on surfaces that were not characterized with respect 
to atomic cleanliness and structure. 
Recent developments in ultra-high vacuum technology and 
low energy electron diffraction have opened a new era for the 
materials scientist interested in investigating surface phenomena. 
With the advent of modern materials technology it is no 
longer necessary to wait for other disciplines to produce basic 
scientific information of vital interest. Surface diffusion is just 
one, although a very important one, of a number of surface phe-
nomena of interest to mate rials technology that must be investigated. 
Specifically, it is hoped that this investigation will provide 
a new foundation for surface diffusion studies by leading the way 
in the use of characterized surfaces. More broadly, it is hoped 
that successful completion of this work will encourage other 
investigators of surface phenomena to increase their efforts to 
clean and characterize the surfaces on which they work. 
II. REVIEW OF THE LITERATURE 
A, General Review 
A number of review articles concerning surface diffusion 
experiment and theory have appeared in recent years. Mainly, 
these review articles are found as chapters of books dealing with 
surface properties and include reviews by Gjostein (1967)( 4 ). 
Shewmon (1966){ 5 ), Birchenall and Williams (1966)( 6 ), Hirth 
(1965)( 7 ), Blakely (1963}( 8 ), and Gjostein (1962)( 9 ). Other recent 
review papers include Gjostein and Hirth (l965)(10)' and 
Birchenall {1963)(ll)_ 
The work of Nickerson and Parker( 4 0) in 1951 can be 
credited with beginning the modern era of surface self-diffusion 
studies, This early work, which employed radioactive tracers, 
reported a relatively small surface diffusion activation energy of 
approximately 10 kcaL or 1/7 ~H , the heat of sublimation. Sub-
s 
sequent tracer studies by other investigators were less successful 
1n obtaining meaningful data, 
( 1' 
In 19 57 Mullins J published the first 
of a series of theoretical papers dealing with determination of 
surface diffusion coefficients by mass transport. The in1portance 
of Mullins' work is attested by the fact that the majority of the 
surface diffusion data published to date is the result of mass 
transport type experiments. 
6 
The primary question that researchers m this held have 
been trying to answer concerns the mechanism or mechanisms 
responsible for surface self--diffus1on on metals. The answer to 
this problem remains unsolved for several reasons First, as 
Gjo stein ( 4 } points out, the experimentally determined activation 
energies, Q, for self diffusion vary from 0.1 to 0. 7 of the heat 
s 
of sublimation, and the Arrhenius pre-exponential factors, D, 
0 
-7 
vary from 10 
6 2 
to 10 em /sec. Secondly the surfaces on which 
the experiments were carried out were not clean or characterized 
and, in fact, can usually be shown to be contaminated. Gjoste in ( 4 ) 
has attempted to correlate some of the mass transport data by 
analyzing the relative temperature dependence of D . He main-
s 
tains that a plot of log Ds vs. T I TM ( TM is the a bs melting tem? 
for selected systems reveals that two surface diffusion mechanisms 
are operating. He suggests high and low temperature processes 
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Using a TLK (Terrace-Ledge-·Kink) surface model Gjostein( 4 ) 
proposes an adatom mechanism at higher temperatures and vacancy 
mechanism at lower temperatures. Birchenall and Williams(b) 
observed that a series of mechanisms operating in different 
temperature ranges could account for some of the existing 
anomalies in the literature. However, they also point out that 
impurity effects and methods of data analysis could also explain 
the non-linearity of Arrhenius plots and widely varying activation 
energ1es. 
Investigators are generally agreed that more than one 
mechanism for surface self-diffusion is possible. It is also 
conceded that more experimental information is needed concerning 
the nature of the surfaces used in surface diffusion work. Reviewers 
emphasize that the crystallographic nature of the surface, its 
cleanliness, and its defect nature need to be specified when 
attempting to establish diffusion mechanisms from experimental 
8 
B. Radioactive Tracer Studies of Surface Diffusion 
Blakely(S) observed, and it is commonly agreed, that the 
parasitic loss of tracer into the sample bulk must be accounted 
for when using radioactive tracers to measure surface diffusion 
ff . . t G. . ( 9) · coe 1c1en s. JOSteln po1nts out that the usefulness of most of 
the reported work in the literature is limited because this para-
sitic loss or "trapping" effect was not accounted for. Choi and 
Sh 
(12) 
ewmon were the first investigators to carry out experiments 
1n which this effect was taken into account. They used the well 
established experimental technique of surface spreading from a 
point source. Using Shewmon's(l 3 ) surface diffusion analysis 
(12) Choi and Shewmon obtained activation energ1e s for the diffusion 
(12} . (15) 
of gold on copper and german1um on copper Geguzin and 
p 6' l 7) co-workers have attempted to account for parasitic loss in 
their work. Birchenall and Williams(b) point out that Geguzin's 
method is the only one that permits determination of D separate 
s 
from E, the thickness of the surface layer. However, Pavlov 
(18) 
and Panteleev maintain that Geguzin 's measurements were made 
under conditions not valid for their mathematical solution. 
(19) . Williams recently completed an exhaustive tracer study 
of self-diffusion on alpha iron. Using a wide variety of experi-
mental conditions he was unable to detect any measurable spreading 
of tracer. Williams argues that this apparently anomalous 1 chavior 
is due to trapping effects of the bulk. He presents an analysis 
showing that spreading from a depletable source will only be 
-9 
observable if the ratio D /D is less than 10 . Although 
v s 
W .11. ( 1 9 ) 1 . h . . 1 1 1 1 1ams c a1ms t at paras1tlc vo ume oss can a so 
account for lack of measurable spreading from his constant 
9 
activity point source experiments, he does not pre sent arguments 
to support this claim. 
1 0 
c. Nickel Surface Self-Diffusion 
and 
Surface self-diffusion on nickel was first studied by Blakely 
(20) 
Mykura using a mass transport method. These investigators, 
using polycrystalline samples, annealing in a nickel enclosure, and 
-5 
employing a vacuum of 10 torr, determined that D could be 
s 
0 0 
represented over the temperature range 800 C -1200 C by: 
s 
-4 -14,300 
= 5xl0 e 
RT 
2 
em /sec. D 
(21) 
Pye and Drew , using a radioactive tracer technique. 
measured the surface self-diffusion on the (111), (110) and (100) 
planes of nickel. Their experiments, which covered the tempera-
ture range 400°C to l000°C, were conducted in a flowing hydrogen 
environment. They report an activation energy of approximately 
13.8 kcal per mol for all three orientations. These investigators 
did not report their D value. However, calculations from their 
0 
-5 2 
reported data indicate a D of approximately 6xl 0 em I second 
0 
on the {Ill) plane. Pye and Drew( 2 l) did not take into account the 
parasitic loss of tracer into the volume. It has been pointed out 
by several authors that data of this type has very little meaning 
if volume losses are not accounted for. 
l l 
( 22) . 
Melmed stud1ed the surface self-diffusion of nickel 
0 0 
over the temperature range 237 C to 477 C by means of field 
electron emission m1croscopy. He reports an activation energy 
of 20. 6 kcal per mol. His technique is essentially a mass 
transport method and the surface on which he obtains his data 
varies over wide orientations. 
Maiya and Blakely( 2 ) have recently used a decaying sinus-
oidal surface method to study surface self-diffusion on the ( 100) 
and (110) planes of nickel. Their diffusion anneals were carried 
-8 
out in a nominal vacuum of 10 torr, with the sample in a nickel 
enclosure, and covered the temperature range 923°C to 1452°C. 
They were able to determine the surface diffusivity in a particular 
direction on a given surface. 
These investigators determined surface diffusion activation 
energies of 35. 5 kcaJ i mol m the [110] direction on the (100) plane, 
40.1 kcal. in the [001] direction on the (110) plane and 42.7 kca1 
in the [llO] direction on the (110) plane. The D values were 
0 
2 
respectively, 2. 6, 12.8 and 23.9 em /sec. The authors theorize 
that the lower activation energies obtained by other investigators 
are due to impurities. 
Bonzel and Gjostein( 3 ) have recently used a newly developed 
laser diffraction technique to continuously monitor the decay of 
sinusoidal scratches. This method allows the surface to be 
12 
characterized by LEED and the experiment to be done completely 




= lxlO ( -19, 000) 2/ exp em sec. RT 
A discontinuity, believed to be due to faceting, was observed 
0 
at 800 C. The authors observe that according to their LEED 
studies the ( 11 0) surfaces on which they worked exhibited extra 
diffraction spots similar to the C2 structure observed by 
Germer et al (Z 3 ). The extra spots are believed to be due to 
carbon contamination. 
The experimental data discussed above has been summa-
rized in Table I. 
Table I. Selected Surface Diffusion Data 
D Q 
Plane Direction 
0 s Temp. Range 
Method Environment Reference 2 (kcal/ mol) oc (em I sec) 
Po1yc rystalline 5x10-
4 14.3 800-1200 Scratch -5 20 Smoothing 10 torr 
(111 )(110)(100) 10- 4 13.8 400-1000 Tracer Hz 21 
21.4 237-477 Field -11 Random Emission 10 torr 22 
[ 11 OJ 2. 6 Sinusoidal 
-8 ( 1 00) 35.5 923-1452 Decay 10 torr 2 
40. 1 Sinusoidal -8 ( 11 0) [00 l] 12. 8 923-1452 Decay 10 torr 2 
[ ll 0] Sinusoidal -8 ( 11 0) 23. 9 42. 7 923-1452 Decay 10 torr 2 





D. Mathematical Analysis of Tracer Surface Diffusion 
The importance of taking into account the parasitic loss of 
r 12) 
tracer atoms into the volume was established by Choi and Shewmon' . 
They demonstrated that tracer surface self-diffusion data analyzed 
on the basis that volume diffusion could be ignored might be in error 
by orders of magnitude. 
. ( 12) . Cho1 and Shewmon cla1m that Drew and 
Pye's( 24 ) silver self-diffusion data,when analyzed taking into account 
parasitic loss, leads to D 's orders of magnitude larger and an acti-
s 
t . f 20 k 1/ 1 d h 8 1 k 1/ 1 w·11· (l 9 ) va 1on o ca mo compare wit . ca mo . 1 1ams 
recently demonstrated that for practical tracer spreading experimE'nts 
the volume loss can only be ignored if: 
D /D > 10
12 
s v 
They point out that for typical surface self-diffusion experiments 
6 
the ratio D /D is approximately 10 . Assuming this to be true 
s v 
they show that the true sur face diffusi vity is 1000 times g reate r 
than the ''apparent'' diffusivity calculated without accounting for 
parasitic loss. 
Shewmon{l 3 ) first presented a mathematical analysis to 
account for volume diffusion loss. Shewmon's analysis is basically 
identical to Fisher's(l 4 ) classical grain boundary diffusion analysis. 
Shew:mon 's analysis assumes the following: 
1. The surface layer is a thin slab of thickness 8, 
-8 
approximately 2xl0 em, and that diffusion 
in this layer can be characterized by a 
diffus i vity D . 
s 
2. The surface is bounded by the bulk having a 
diffusivity D , the customary volume diffusion 
v 
coefficient. 
3. That, for the purpose of accounting for volume 
diffusion loss, the surface concentration of 
tracer, C ( p , t), where p 1s a distance 
s 
parameter and t is time, can be approximated 
throughout the anneal by its final value 
Cs\; , '/"), where '/is the anneal time. 
4. That C ( r , -r-) may be taken as the function 
s 
that leads to the steady state condition, 
ac I at = o. 
s 
5. That the volume flux is always normal to the 
surface. 
l 5 
For a point source of constant tracer concentration and a radius b, 
Shewmon shows the sur face concentration to be: 
c (p, r) 
s 
= k K (a P) 
0 
where K (a p) 1s a modified Bessel function. The investigations 
0 
of Choi and Shewmon(lZ, lS) have been analyzed using this approach. 
1 6 
An.other approximate solution to combined surface and 
volume diffusion has been given by Amar and Drew(ZS). These 
authors treat the problem by assuming the volume concentration 
to be coupled to the surface concentration by a coupling constant, 
A.. They arrive at a surface concentration equation that involves 
"leakage 11 terms. It is necessary to use an iterative process to 
extract~ D fl.·om the data, assuming first that it is possible to 
s 
determin.e the surface concentration. . ( 1 6} Geguz1n et al have 
worked out an approximate edge source analysis that claims to 
be able to determine D and t5 (the surface layer thickness) 
s 
independen.tly. Several exact solutions of the parasitic loss 
problem a.re available for different geometries and boundary 
d . . w . l ( 26 ) f' d 1 . f h con 1t1on.s. h1pp e 1rst presente an exact so utlon or t e 
grain boundary parasitic loss problem, assuming a constant 
tracer source. This solution is essentially the same as for the 
constant concentration edge source problem in surface diffusion. 
( 2 ?) Suzouka recently presented exact solutions for the edge source 
and the half-plane monolayer source. He also gives asymptotic 
solutions aod discusses the condition where these approximate 
solutions are valid. Williams ( 19 ), using the physical model of 
both Geguzin and Shewmon, has worked out an exact expression 
for the surface concentration. His solution, which is in the form 
of an integ:ral, can be shown to be equivalent to Whipple 1 S solution. 
1 7 
The exact solutions to the parasitic loss or "trapping'' 
problem are usually available in forms difficult to apply to 
experimental data. Therefore, it is of interest to know under 
what conditions it is possible to use the less exact but more 
adaptable approximate solutions. From an experimental view-
. (13) . . I (14) . po1nt the Shewmon approach, us1ng F1sher s assumptwns, 
is attractive. Several analyses are available that compare the 
exact solution with the Fisher approximation and discuss the 
magnitude of the errors that might be expected by using the 
approximate method. 
. (28) LeClaire , using the parameter B: 
D b 
B = 1/2 s 
D(Dt) 1 / 2 
v v 
claims that the Fisher solution is good for B > 10 and that no 
error in Q would be expected as long as B was greater than 10 
s 
for all the experimentally determined D 's. LeClaire points out, 
s 
however that the absolute values of the D 's could be too low by 
' s 
a maximum factor of 2. 
(27) "f" Suzouka in a recent study ven 1es 
LeClaire's findings that for large B, Fisher's (or Shewmon's/ 
approach is indeed a good approximation. 
( 2 7) . 
Suzouka also po1nts 
(2 5) 
out that the solution 0 btained by A mar and Drew is a good 
approximation to the exact solution for the special case of 
u ~ 10, where u is given by: 
18 
= JD t 
v 
-8 
and b 1s the surface layer thickness, approximately 2xl0 em. 
It can be seen that a £10 might be extremely difficult to obtain 
experimentally since (D t) 1 / 2 would have to be on the order of 
v 
III. THEORETICAL TREATMENT OF EVAPORATION LOSS 
DURING TRACER SURFACE DIFFUSION 
It has been recognized for a number of years that parasitic 
loss of tracer atoms into the bulk must be accounted for in the 
analysis of tracer surface diffusion data. The fact that tracer 
19 
atoms can be parasitically lost by evaporation has been overlooked 
b t . t. t . d b . . . . f" b ( 6 ' 12 ) y mos 1nves 1ga ors or Ignore as e1ng 1ns1gn1 1cant y others . 
It is demonstrated below that evaporation loss can be quite important 
and can affect measured values of D , the surface diffusivity, by 
s 
orders of magnitude, depending on the system and temperature of 
interest. It is interesting to note that the possibility of evaporation 
loss has long been noted by investigators interested in evaporation 
(29,30) 
from solids and in crystal growth from the vapor This 
+ paper demonstrates the relative magnitude of volume diffusion 
and evaporation loss for two types of surfaces, namely the singular 
and the Terrace-Ledge-Kin,~(TLK) surfaces. The nature of these 
surfaces, illustrated in Figures 1 and 2,respectively, is discussed 
in more detail below. For the purpose of these calculations it is 
assumed that surface transport takes place only by an adatom 
mechanism, and that evaporation occurs into a vacuum. 
+Only volume diffusion loss into the bulk is allowed in the present 
treatment. Blakely ( 8) has shown that additional loss to the volume 
via dislocations should be relatively small for experimental conditions 
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Fig. I CROSS SECTION OF A CRYSTALLINE SOLID HAVING A SINGULAR 
SURFACE ILLUSTRATING TRACER EVAPORATION AND VOLUME 
DIFFUSION LOSSES DURING SURFACE DIFFUSION. 
('. 
Fig. 2 SCHEMATIC MODEL OF A TERRACE: -LEDGE-KINK SURFACE 
AND CORRESPONDING POTENTIAL ENERGY DIAGRAM FOR 
A TRACER ATOM DIFFUSING ALONG THE LINE A- B, 
WITH THE DEEP ENERGY WELLS CORRESPONDING TO 
LEDGE SITES AND THE SHALLOW WELLS TO TERRACE 
SITES. 
22. 
A. Singular Surface 
Consider a perfectly smooth (Ill) plane of an fcc metal, dis-
turbed only by an equilibrium number of adatoms and vacancies. 
with a constant source of tracer adatoms located at x = 0 as shown 
in Figure 1. It is assumed that experimental conditions are such 
-·- 2 
that the tracer adatom concentration N-,- (atoms I em ) is equilibrated 
a 
with the volume except for net random walk of tracer atoms into the 
volume (l O). The surface adatom diffusion coefficient D is defined 
a 
by the following equation: 





where J is the adatom surface diffusion flux. Assuming that the 
adatom layer has a thickness 0, the differential equation describing 
* 3 . the ada tom tracer concentration C {atoms I em ) as a funct1on of 
a 
. . ( 1 3) 
tlme lS : 
-·- 2 
_,_ 
JD -·- -·-ac a c JE 
a a v 
= D a x2 ~ - T at a 
where J D and JE are the volume diffusion and evaporation loss 
v 
fluxes respectively. 
. I ( 13 :) 
This is essentially the same as Shewmon s 




( 1 ) 
:2; 
The relative effect of J can be seen by estimating J and E E 






v (rrD t) 112 
v 
where D is the volume diffusivity and t is the diffusion anneal 
v 
time. The tracer adatom evaporation flux J E can be estimated 
23 
. (2 9) 
by resorting to rate theory which, according to H1rth and Pound ·, 
gives the following for a (111) fcc surface: 
J ::: N E a v e 
-3G/RT 




with v being the adatom vibrational frequency and G the nearest 
neighbor bond energy. The relative importance of the evaporation 
flux for a nickel { 111) surface can be shown by examining the ratio 
( 3) 
( 4) 
JE/JD using the following chosen values of the involved parameters: 
v 





D = 1 27 -66,900 cm2/sec. (31) 
. e RT v 
-8 
= 2xl0 em 
13 -1 
v = 10 sec. 
6H 
G = 1 /6 sublimation energy = 6 
s 
= 16. 8 kcal/mo1 
With these values the ratio JE/J D is given by: 
v 
5 -25, 000 8,450 
= 
2. OxlO e T 






Thus, over the temperature range 800°K to 1200°K, JE/JD >> 10 3 , 
v 
and the evaporation flux dominates the parasitic loss into the 
volume. 
As observed by Gjostein (9) diffusion on a truly singular 
surface is probably never obtained in most experimental studies. 
A more experimentally realizable surface structure is the TLK 
surface for which the evaporation loss problem is analyzed in the 
next section. 
B" Terrace-Ledge-Kink (TLK) Surface 
The surface visualized for this analysis is similar to the 
singular surface previously described except for the presence of 
ledges of monatomic height that are separated by an average 
distance ~ . 
1 The ledges are assumed to be straight except for 
25 
an equilibrium number of kinks. . ( 30) Us1ng Burton and co-workers 
method the average interkink distance on a nickel (111) surface at 
0 1000 K is estimated to be 82 interatomic distances as shown in 
Section A of the Appendix. 
Assuming as before for the singular surface a line source 
of constant tracer activity at x = 0, equilibration of the surface 
( 1 0) . 
atoms with the bulk , and a surface layer of th1ckness 5 , the 












.JD ,,, JE a c s v 
b 2 6 ox 
Again, it is of interest to evaluate the relative importance of JE 
with respect to .J D . 
v 
Derivation of an expression for J D for the 
v 
TLK surface is identical to the .J D derivation for the singular 
v 
surface that resulted in equation (3). Consequently, JD for the 
v 










To evaluate JE for the T LK surface, trapping at kink sites 
lS ignored due to their low density and it is assumed that tracer 
evaporation occurs by a ledge atom first dislodging itself from 
the ledge site, moving out onto the terrace and then evaporating. 
. (2 9) . 
H1rth and Pound propose that evaporatwn from an fcc ( 111) 
surface with monatomic ledges can be described in terms of the 
2 
surface ada tom concentration N (atoms I em } by 
a 
J = N ve -3G/RT 
E a 







For the case of surface diffusion in the presence of ledges, 
which act as traps, the tracer adatom concentration Na 1s 
·'· .,, 
related to the experimental tracer concentration N s by the 
1 . h' + re atlons lp 
D 
)!( ;~' s 
N = N 
a s D 
a 





Equation (10} can be derived by first noting .that the 
average velocity (V} of a surface diffusing atom 1n one 









where D 1s the su.rfac e diffusi vity and o fJ./ ox is the potential 
d . s gra lent. The general expression for the surface di.ffusi.on 
flux (J ) is the product of V by the number of tracer atoms 
s 






Gjostein and Hirth(lO) show that a similar equation can be 
written for the tracer ada tom flux (J 1 ) on the terraces 
Jl 
s 






where D is adatom diffusivity and N >:' is the corresponding 
tracer c~ncentration on the terrace. aGjostein and Hirth(l 0) 
point out that provided the system is near equilibrium the 
ledges will not perturb the flux, and consequently J =J 1 • 







adatom diffusivity. Combining equations (9) and (10) the tracer 
evaporation flux is given by: 
J -·-,,, E 
or 
D 












In actual use of Equation (12) it is preferable to use expen-
mental values of D and D when available. However, 1n the 
s a 
absence of such values and for illustrative purposes it will 





( 1 1) 
( 12) 
( 1 3) 
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where v a is the jump frequency associated with an ada tom jump. 
To obtain an equivalent expression for D it is necessary to 
s 
postulate a model for diffusion on the surface of interest. For 
the TLK surface it is assumed that a diffusing atom encounters 
the potential described by Gjostein and Hirth(lO) and shown in 
Figure 2. In this figure 6G 35 corresponds to the free energy 
difference between an atom sitting at a ledge site with five nearest 
neighbors and the same atom sitting on a terrace site with three 
nearest neighbors and ~G corresponds to the activation energy 
3M3 








, Wolfe and co-workers have shown that 






is the jump frequency of the atom away from ledge and 
.\. is the number of interatomic distances between ledges. 
l 




= Vo e 
a 
-(6G35 +6G 3M 3 )/R T 
-6G /RT 3M3 
















Thus, from Equations (17) and (12), J~, the tracer evaporation 
flux, is given by: 






For 6G35 =5G-3G, and 6Hs =6G Equation (18) g1ves: 
-( 5I66H ) I R T 
e s 




c - ( 51 66H ) I R T 
v:>-.. 1 oe s 
Assuming ~ = 100 interatomic distances, and letting the other l 
parameters equal their previously used values, the tracer losses 
from a nickel (lll) surface are: 
Evaporation Loss 





2xl0 e R T 
>:< 2 








( 1 7) 
( 18) 
( 1 9) 
(20) 
( 21 ) 
122) 
( 2 3) 
Thus JE/JDl at the relatively low temperature of 501°C and the 
v 
possibility of tracer evaporation loss must be considered when 
interpreting surface diffusion data on nickel ( 111 ). 
30 
Equation (20) shows that the tracer evaporation loss becomes 
relatively more important with increasing time and temperature of 
the diffusion anneal. This suggests that the effect of evaporation 
can be minimized by keeping the diffusion anneal time as short as 
possible. In the present study it was found that anneal times 
defined by (D t) 1 I 2 ~ 
v 
-5 5xl0 em produced measurable diffusion 
profiles. Anneal times greater than this only increased the 
relative importance of evaporation and made the data more 
difficult to analyze. The diffusion anneal times defined by 
1/2 -3 .(12, 15) (D t) = 3xl 0 used by Shewmon and Chot seem to be 
v 
much too large for systems where evaporation could be important. 
It is shown in Section V-A that the slope (u) of the experi-
:..:;: 
mental activity profile is related to the tracer loss fluxes J E and 
JD by: 
v 1/2 
u = K (J E + J D ) 
v 
(24) 
where K is a constant involving the surface diffusion coefficient 
D . The smaller the slope (u ), the greater the tracer spreading. 
s 
-·-
In the absence of any evaporation loss (J~) the spreading can be 
increased by increasing the diffusion time which according to 
Equation 
becomes 
(7) decreases J D . 
v 
However, in the case where J E 
increasingly dominant the resulting slope (a) will be 
increasingly steep and eventually will preclude any effective 
observation of tracer spreading. 
The importance of evaporation loss for the ( lll) surface 
of several fcc metals is shown in Table II. The values in this 
table were calculated from Equation (20) assuming >--. 1 :::: 100, 
appropriate 6H 1 s and D 1 s from the literature, and using the 
s v 
l/2 -5 -3 
more appropriate (D t) value of 5xl0 rather than 3xl0 . 
v 
Table II gives the temperature at which evaporation should begin 
to become important (JE/JD :::: 0.1) and the temperatures at 
v 
which evaporation loss should begin to dominate the volume 
diffusion loss (J / J :::: l). The largest evaporation loss effect 
E D 
v 
is for gamma iron with the resulting temperatures in Table II 
being well below the alpha-gamma transition temperature. 
Table II further shows that silver and nickel might be subject 
31 
to evaporation loss problems, but that copper, gold, and platinum 
could be studied to relatively high temperatures· 
Table II. Temperatures at Which the Evaporation Flux 
Loss Equals lOo/o and 100% of the Volume 
Diffusion Loss for Several FCC Metals 
JE/JD = 0. l JE/JD = 1.0 
v v 
Metal T°C TIT M (°K/°K) T°C T/TM(°K/°K) 
Platinum l 767 l. 00 >TM > l. 00 
Gold 800 . 80 >TM > l. 00 
Copper 679 . 70 1000 .94 
Nickel 600 . 51 977 . 72 
Silver 340 . 49 527 .65 
Iron ( -y) 441 . 39 670 . 52 
32. 
IV. EXPERIMENTAL PROCEDURES 
A. Experimental Background and Summary of Procedures 
In the interest of conciseness, the discussion of the experi-
mental procedures below is purposely brief. A more detailed 
account of the experimental equipment and more complete dis-
cussions of various experimental procedures can be found 1n 
sections B through F of the Appendix. 
33 
The specimens used in this study were spark cut from a 
nickel single crystal, having a nominal purity of 99. 999o/o and 
oriented within 1 degree of the (lll) plane. Platelets approxi-
mately 10 millimeters by 5 millimeters by 0. 5 millimeters thick 
were prepared by grinding, followed by metallographic polishing. 
The worked surface was removed by a final chemical polish in hot 
acid solution (50o/oHAC-·30o/oHN0
3
-lOo/oH 2So4 -lOo/oH 2 P0 4 ; resulting 
in a bright, smooth surface and a final thickness of 0. 3 mill i-
meters. Approximately 40 0. 010 11 diameter wires of 99. 999o/o 
purity were spot welded to each end of the specimen for current 
leads. Temperature control and monitoring is accomplished by 
two Pt -Pt, 1 Oo/oRh thermocouples spot welded to the back of the 
sample. A typical specimen is shown in Figure 3. 
34 
Fig. 3 TYPICAL NICKEL SAMPLE FOR SURFACE DIFFUSION 
STUDIES SHOWING NICKEL LEAD WIRES, THERMO-
COUPLE WIRES AND UNIVERSAL HOLDER MOUNT. 
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Fig. 3 TYPICAL NICKEL SAMPLE FOR SURFACE DIFFUSION 
STUDIES SHOWING NICKEL LEAD WIRES, THERMO-
COUPLE WIRES AND UNIVERSAL HOLDER MOUNT. 
These experiments utilized a point source of constant radio-
active strength. The source d b h. was rna e y etc 1ng a high punty 
(99. 999%) nickel needle to an 0. 1 mm tip electroplating the tip 
. 63 
with carrier free n1ckel , to an activity of approximately 
100,. 000 cpm, and finally annealing the needle in ultra-high 
vacuum to homogenize the activity in the tip. It was found that 
each experiment only depleted the source approximately 1000 cpn1 
and therefore the same point source was used in all expe rinH~nts. 
The tip was cleaned by ion bombardment before each ex per in1ent. 
Figure 4 shows the experimental arrangement. The specimen 
was mounted on a universal motion feedthrough and could be 
rotated to various positions for cleaning, characterization. and 
diffusion annealing. The samples were heated in- situ by direct 
resistance heating using alternating current. Temperature control 
0 
was +5 C. 
In a typical experiment the surface of the sample is first 
cleaned, annealed, characterized (by LEED). and heated to the 
diffusion temperature. The radioactive tip is then brought into 
contact with the hot surface. After the diffusion anneal the radio-
active needle is removed, the surface is again characterized by 
LEED, and the sample finally removed from the vacuum chan1 be r 
for analysis. 







~ (mounted on 0 universal 
Fig. 4 TOP VIEW OF ULTRA-HIGH VACUUM CHAMBER 




The diffusive spreading was measured by autoradiography 
us1ng Kodak Type A autoradiographic plates. Activity versus 
distance profiles were obtained by scanning the autoradiographs 
with an automatic recording mic rodens itometer having a slit 
width of 10 microns. It was assumed that the film darkening at 
any point is proportional to the total surface and bulk activity 
at the corresponding specimen position. The validity of this 
assumption is discussed in Section F of the Appendix. 
31 
Figures 5, 6 and 7 show, respectively, a typical indentation 
made by a point source during a surface diffusion experiment, 
the corresponding autoradiograph of tracer spreading from the 
source, and the activity profile taken from the autoradiograph. 
Fig. 5 PHOTOMICROGRAPH TAKEN AT 40X OF THE 
INDENTATION MADE BY THE TRACER POINT 
SOURCE ON A NICKEL (Ill) SURFACE . 
Fig . 6 AUTORADIOGRAPH AT A MAGNIFICATION OF 40X 
OF THE TRACER DISTRIBUTION ON SAMPLE 
SHOWN IN Fig. 5 AFTER A 96 HOUR DIFFUSION 
ANNEAL AT 755° C. 
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Fig. 5 PHOTOMICROGRAPH TAKEN AT 40X OF THE 
INDENTATION MADE BY THE TRACER POINT 
SOURCE ON A NICKEL (Ill) SURFACE. 
Fig. 6 AUTORADIOGRAPH AT A MAGNIFICATION OF 40X 
OF THE TRACER DISTRIBUTION ON SAMPLE 
SHOWN IN Fig. 5 AFTER A 96 HOUR DIFFUSION 












1.0 .8 6 
--\ r-- SOURCE DIAMETER 
Densitometer setttngs 
Slit ---- 10 mtcrons 
Sensit1vity --- 8 
Scan speed - -- 4 
Ratio arm --- 50/ I 
Wedge --- 0 - 2 
.4 . 2 0 . 2 .4 .6 8 1.0 
--DISTANCE (f>) mm _ ___. 
Fig. 7 MICRODENSITOMETER SCAN OF THE 
AUTORADIOGRAPH SHOWN IN Fig. 6. 
. l 
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B. Surface Characterization and Cleaning 
It is essential in studies involving surface diffusion to 
employ surfaces that are characterized with respect to morphology 
structure and impurities. Recent technological advances such as 
ultra-high vacuum equipment, ion bombardment techniques and 
low energy electron diffraction (LEED) make it possible to obtain, 
characterize, and maintain clean surfaces for tracer diffusion 
studies. 
LEED was used at various stages of a surface diffusion 
experiment to check the character of the surface. Typical 
patterns of a clean ( 111) surface are shown in Figure 8. A 
great many diffraction patterns other than those shown in 
Figure 8 were obtained from the (lll) nickel surface during 
the course of this work. 
The precise limits of detectability by LEED of impurity 
atoms on a metal surface is the object of considerable specula-
tion. However, a number of investigators believe that a quarter 
of a monolayer of an ordered impurity should be observable. 
( 2 3 ·, 
It has been shown by Germer and co-workers' ' that a 
nickel surface cannot usually be cleaned by high temperature 
outgassing alone, even in an ultra-high vacuum. a fact confirn1ed 
in this study. High temperature outgassing in ultra-high vacuum. 
4 1 
200 VOLT LEED 
125 VOLT LEED 
Fig. 8 LOW ENERGY ELECTRON DIFFRACTION PATTERNS OF 
A NICKEL (Ill) SURFACE THAT IS CRYSTALLOGRAP HIC-
ALLY WELL ORDERED AND FREE OF CONTAMINATION 
WITHIN THE LIMITS OF DETECTABILITY BY LEED . 
4 1 
200 VOLT LEED 
125 VOLT LEED 
Fig. 8 LOW ENERGY ELECTRON DIFFRACTION PATTERNS OF 
A NICKEL (Ill} SURFACE THAT IS CRYSTALLOGRAPHIC-
ALLY WELL ORDERED AND FREE OF CONTAMINATION 
WITHIN THE LIMITS OF DETECTABILITY BY LEED. 
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of a freshly prepared sample, usually resulted in a LEED 
pattern similar to that shown in Figure 9-b. This structure 
could usually be removed by an auxiliary cleaning method 
such as ion bombardment. T · 1 · b yptca ton ombardment parameters 
for surface cleaning are as follows: 
Type of ion Argon 
Energy of ions 3 50 volts 
Current density 0. 3 microamps/ em 
2 
Time 60 to 90 minutes 
This treatment removes approximately 100 monolaye rs and 
results in a LEED pattern shown in Figure 9-c. Notice that 
very little surface structure is left after 90 minutes of ion 
bombardment. In the absence of an appreciable exposure to 
oxygen, a clean ( lll) surface can be obtained by annealing the 
0 sample at l 000 C for approximately l 0 minutes. An exposure 
of l 0- 7 torr sec. of oxygen is sufficient in most cases to cause 
the nickel surface to become heavily contaminated. This effect 
is shown in Figure 9-d. The LEED pattern is similar to the 
( 34) 
(2x2} oxygen on nickel structure observed by McRae It lS 
necessary to anneal the sample in a hydrogen atmosphere ln 
order to eliminate oxygen contamination. A typical anneal is 
-4 
1000°C for 10 minutes at a hydrogen pressure of 5xl0 torr. 
A LEED pattern of the hydrogen annealed surface is shown in 
a. Initial structureless surface. 
b . After first anneal 1000°C 
5x I0-10 torr. ' ' 
c . After ion bombardment -
surface degraded. 
43 
d. Annealed in oxygen, 2 x 2 
2x2 structure. 
e. Annealed in hydrogen, complex 
structure. 
f. Final anneal I000°C, Sxlo-10 
torr, clean surface. 
F ig. 9 125 VOLT LEED PATTERNS OF NICKEL (Ill) AT 
VARIOUS STAGES OF SURFACE PREPARATION. 
a. Initial structureless surface. 
b . After first anneal 1000°C 
5x I0-10 torr. ' 
1 
c . After ian bombardment -
sur face degraded. 
43 
d. Annealed in oxygen, 2x2 
2 x 2 structure. 
e. Annealed in hydrogen, complex 
structure. 




Fig. 9 125 VOLT LEED PATTERNS OF NICKEL (Ill} AT 
VARIOUS STAGES OF SURFACE PREPARATION. 
Figure 9-e. Subsequent annealing of the surface in ultra-high 
0 
vacuum at l 000 C usually resulted in a clean ( lll) LEED patt<' rn. 
Occasionally, annealing a sample for a long period of tirne at 
moderate temperatures would cause an impurity structure to 
appear. It was determined that the responsible impurity was 
most likely carbon diffusing to the surface from the bulk. In 
order to prevent this contamination from occurring during a 
diffusion anneal, the sample was usually pre-annealed in oxygen 
followed by a hydrogen anneal and finally a high temperature 
anneal in ultra -high vacuum. A typical cleaning procedure 1 s 
given 1n Table III and illustrated with corresponding LEED 









Table III. Typical Surface Cleaning Procedure for 
Obtaining a Clean ( 111) Nickel Surface 
Treatment 
Temperature Atmosphere Pattern 
oc Torr Fig. No. 
outgassing 25 5xlO-lO 9-a 
outgassing- 1000 lxl0- 9 9-b 
anneal 
argon ion 25 4xl0- 4 9-c bombarded 
oxygen 800 4xl0- 4 9-d 
anneal 
























A. Data Analysis 
The differential equation describing the surface tracer 
-·-
concentration, C-~ (p, t), as a function of time {t) and distance (p) 
1n cylindrical coordinates is: 
_,_ 2 ,:, 
-·- JD ac -·-
,,, 
a c ac JE 
s D s 
l 
__ s) v 
= + 
--s T at s a P2 p ap 
( 2 5) 
Using previously derived Equations ( 3) and ( 19} for tracer loss 
( 13) 
from a T LK surface and assuming as Shewmon that the surface 
tracer concentration c>:<(p,r), after an anneal timer, is the function 
s 
that makes a c":< 18 t = 0 in equation (25)' the following express ion 
s 
is derived: 
where 2 a 
2 -·- -·-,,, ,,, 
a c 1 ac s s 
+ -· 
a p2 p ap 




= D (; [ 
s 
2 .,.,,, ,,, 0 a c = 
s 
As shown by Shewmon(l 3 } Equation (26) is a modified Bessel 
equation of order zero, which for a point source of radius b and 
constant concentration C has the solution: 
0 




( 2 6) 





{u b) is a constant and using the asymptotic expansion 
of K
0
(ap), which for values of ap ~l can be approximated by: 
K (up} 
0 




Equation (28) can finally be written: 






0 k = ----K (a b) 
0 
Autoradiographic methods generally measure the total 
(surface plus volume) activity at any given point on the surface. 






C (p , z, 7") dz 
v 
where z is the distance coordinate into the volume and 
·~· ... C.,, (p, z,r) the volume tracer distribution. The last term 1n 
v 
( 13) . 
Equation (32) according to Shewmon 1s g1ven by: 
00 
.... t~· f. c-·- (p, z, '1) dz 
0 v 
00 






Thus, the expression for the total activity AT becomes: 
dz 
( 30) 
( 3 1) 
( 3 2 f 
( 3 3) 
4H 
112 -5 c Since the (D 7) is typically lxlO em and o is on the order 
v 
-8 
of 2xl0 em, the first term can be ignored, resulting in: 
1 I 2 ,:, 
= 2 (D ?-) C 
v s 
= 2 { D r) l I 2 ke -a pIP 1 I 2 
v 
1/2 
Consequently, a plot of logarithm AT p versus p should be 
linear with a slope equal to a. The surface diffusivity D is found 
s 
through use of a and Equation (2 7). 
( 3:::; \ 
·i (j 
B. Surface Diffusivity Data 
Surface diffusion experiments were made over the temperaturv 
0 0 
range 614 C to 840 C. Table IV lists pertinent information con-
cerning each experiment. In most cases it was possible to charac-
terize the surface by LEED immediately before and after the diffusion 
anneal. Figure 10 shows before and after LEED photographs of 
several experiments illustrating both clean and contaminated 
surfaces. 0 Below 700 C and in ultra-high vacuum it was genL'rally 
found that the nickel suTface could be kept clean of observable 
(according to LEED) impurities for hundreds of hours. Figure 10-d 
0 
a LEED pattern of a surface held at 614 for 197 hours, shows very 
little degradation compared with the original clean surface. However 
at higher temperatures extra diffraction spots, attributed to an 
lmpurity, were occasionally observed in the final LEED patterns 
after diffusion. Figure 10-b shows a typical impurity pattern 
observed after a 795°C, 41-hour diffusion anneal. The impunty 
structure could usually be removed by repeating the entire surface 
cleaning sequence several times. The behavior of the contaminatwn 
and the experimental conditions indicate the contaminant to be 
carbon diffusing from the bulk to the surface. 
l/Z a· re 
1 · th A p v e r sus p Activity profiles plotted as ogan m T 
shown in Figure 11. d
. t d by Equation (35, · They are linear as pre lC e 
Table IV. Experimental Information Concerning Surface Diffusion Experiments 
Experiment Temperature Time 
(D t)l/2 
v Pressure Surface Number oc Sec. em. (LEED) Torr 
614 
5 -6 -10 
9 7. 1x10 5.3x10 2x10 Clean 
3 655 3. 7xl0 5 8.6xl0 
-6 Zxl0- 9 Clean 
5 695 4. lxl 0 5 Z.OxlO 
-5 9xl0- 10 Clean 
l 755 3. 5xl0 5 4.9xl0 -5 5xlO-lO Undetermined 
8 795 l. 5xl 0 5 6. lxlO 
-5 7xlO-lO Contaminated 
4 -5 -10 
10 795 8.3xl0 4. 5xl0 7xl0 Clean 




a. Experiment no. 8 , clean surface 
before diffusion. 
c. Experiment no. 9, clean surface 
before diffusion. 
e. Experiment no. 10, clean surface 
before diffusion. 
51 
b. Experiment no. 8, contaminated 
surface after diffusion at 
795° C for 41 hours. 
d. Experiment no. 9, clean surface 
after diffusion at 614°C 
for 197 hours. 
f. Experiment no. 10, clean surface 
after diffusion at 795° C 
tor 23 hours. 
Fig . 10 125 VOLT LEED PATTERNS OF THE NICKEL {Ill) 
SUR FACE BEFORE AND AFTER OJ FFUSJON FOR 
SEVERAL TYPICAL EXPERIMENTS. 
a. Experiment no. 8 , clean surface 
be f ore d if f usion . 
c . E:~tp e rimen t no. 9 , clean surface 
before diffusion. 
e. Experiment no. 10, c lean surface 
before diffusion. 
5 1 
b. Experiment no. 8, contaminated 
surface after diffusion at 
795° C for 41 hours. 
d. Experiment no. 9, clean surface 
after di ffus ion at 614°C 
for 197 hours. 
f. Experiment no. 10, clean surface 
after di ffusion at 795° C 
tor 23 hours. 
Fig . 10 125 VOLT LEED PATTERNS OF THE NICKEL(III} 
SURFACE BEFORE AND AFTER DIFFUSION FOR 
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Fig. II ACTIVITY PROFILES FOR NICKEL (Ill) SURFACE 
SELF- DIFFUSION AT VARIOUS TEMPERATURES. 
The surface diffusivitie s were calculated by measuring the slopt· ,,1 
the profiles and equating the slo "th th pe Wl e parameter a givt·n 1n 
Equation (27'. The foll · 1 f 1 ow1ng va ues o the parameters appeanng 
in Equation (27} were used to calculate the surface diffusion co-
efficients appearing in Table V. 
D 
-66, 900/RT 2/ (31) 
= 1 . 2 7 e em sec. 
v 
6H = 100. 0 kcal/mol 
s 
S = 2.Sxl0- 8 em 
13 -1 
v = lxlO sec. 
The surface diffusion coefficients shown in Table V were calcula.t<-d 
both with and without the evaporation correction ( -J IS) includ~d. E 
A plot of D versus 1 /T for both cases is shown in Figure 12. 
s 
An error limit of +16o/o was established for each D with tlw s 
exception of the data point at 840°C, which had a considerably 
greater error limit due to excess1ve tracer evaporation. The 
error limit was determined by allowing a +3o/o error in rneasunn..: 
the slope of the activity profile, a +S°C uncertainty in the tempera.-
ture m sat · 11 rror A least squctre;o 
easurement and a + ·1o m1sce aneous e · 
analysis of the data, 
0 . 
ignoring the 840 C pomt, 
shows that the dat d. 
can be represented by the following Arrhenius type relationshlp: 
3/ 2 
-{37. 7 +3. 8) x 10 RTcm /sec. 











Table V. Tabulated Surface Self-Diffusion Coefficients of Nickel (lll) 
2 2 D (em I sec) D (em /sec) s 
Surface Temperature s 
corrected for 
oc uncorrected evaporation 
(LEED) 











-7 8.64xl0 -7 Clean 
755 2.l7xl0 -6 2. 79xl0 
-6 Undetermined 
795 4.04-xl0- 6 5.f3xl0-b Clean 
795 5 . .3~xl0-b 7 .34xl0-b Contaminated 
-6 






8 DIFFUSIVITIES CORRECTED 
FOR EVAPORATION 
0 UNCORRECTED DIFFUSIVITIES I UNCERTAINTY LIMIT 
10-7 ~-------L------~~------~------~----~~ 0.90 0.95 1.00 1.05 1.10 115 
liT °K x10 3 
Fig. 12 TEMPERATURE DEPENDENCE OF THE SURFACE 
DIFFUSIVITY FOR NICKEL (Ill). 
This relationship is shown as a straight line 1n Figure 12. Weight mg 
the 840°C D 1 1 s va ue one -ha f as much as the other values in the 
least squares analysis increases the activation energy in 
3 Equation (36) to (390 2 +3. 8) x 10 kcal/mol and the pre-
exponential factor to 678. 
The tracer spreading on the nickel (111) plane was not 
isotropic. The elliptical nature of the spreading can be seen m 
Figure 6 and in the over- exposed autoradiograph shown in 
Figure 13. The diffusion coefficients tabulated in Table V and 
plotted in Figure 12 were calculated from profiles taken along the 
long axis of the ellipse. Diffusion coefficients calculated from the 
short axis data were approximately 25o/o smaller than those reported 
Figure 15 shows actual activity profiles for sample number 3 taken 
along the long and short axis. 
Limited evidence, based on one experiment, suggests that 
surface contamination increases the measured surface diifusi vity 
by as much as 30o/o and tends to eliminate the bisymmetric nature 
of the tracer spreading. 
Some evidence was produced showing diffusion on non-close-
P acked .d bl slower than diffusion on the close-planes to be cons1 era y 
P k . b r 6 was inadvertently con-ac ed ( 111) plane 0 Exper1ment num e 
d d ·ng to LEED was not a ucted in a recrystallized area that accor 1 
l dl·ng was much less than that 
ow indices plane 0 The tracer sprea 
Fig . 13 OVEREXPOSED AUTORADIOGRAPH OF TRACER 
SPREADING ON NICKEL (Ill) SHOWING 
BISYMMETRIC DIFFUSION. 
Fig . 14 OVEREXPOSED AUTORADIOGRAPH OF TRACER 
SPREADING ON A HIGH INDICES NICKEL 




























Fig . 13 OVEREXPOSED AUTORADIOGRAPH OF TRACER 
SPREADING ON NICKEL (Ill) SHOWING 
BISYMMETRIC DIFFUSION . 
Fig . 14 OVEREXPOSED AUTORADIOGRAPH OF TRACER 
SPREADING ON A HIGH INDICES NICKEL 



















MICRODE:f'JS(iOMEIER TRACINGS TAKEN AT goo 
OF EACH OIHER ALONG THE LONG AND SHORT 
AXES 0~ A BISYMMEIRICAL AUTORADIOGRAPH 
FROM E>t:PtRIMENT No.3. 
., ' 
under similar circumstances on the (111) plane and was symmetr1cal 
as evidenced by the autoradiograph shown in Figure 14. The calcu-
lated diffusivity was 50o/o lower than the value obtained on the (lll) 
plane. Additional evidence was seen in experiment number l. In 
this experiment the point source was located quite close to a gra1n 
boundary on a partially recrystallized surface, as shown in 
Figure 5. The corresponding autoradiograph (Figure 6) shows 
that diffusion on the ( 111) side of the boundary was normal, but 
diffusion on the recrystallized side was greatly restricted. 
(,(I 
c. Direct Evidence of Tracer Evaporation Loss 
Direct evidence of tracer evaporation was observed earh 
in the Work when difficulty was encountered in trying to establ1~h 
D1easul'able tracer spreading. Initial experiments at 90 0° C 
resulted in no tracer spreading, although theoretically the tracc::r 
should have spread over a considerable area. The time and 
ternpe rature of the diffusion anneal were inc rea sed with 1 ittle 
0 
success until an upper limit of 1000 C was reached. At this 
ternpe rature a significant amount of nickel was vapor deposited 
on the charnber interior during the anneal. Measurable profde~ 
0 
were finally obtained by annealing below 850 C. The effect of 
evaporation on tracer spreading is shown in Figure 16. Two 
experimentally deterrnined activity profiles, for different tempcrd-
ture s but equal diffusion times, are superin1pos ed to illu stratc the 
effective compression of tracer spreading at the higher tempera-








Source of Radtoacttve Tracer 
--- 750° C 100 Hours 
-- 840° C 100 Hours 
r--+ 
DIFFUSION PROFILES FOR EQUAL TIMES BUT 
DIFFERENT TEMPERATURES SHOWING THE 
EFFECT OF EVAPORATION. 
t ' 
D. Low Energy Electron Diffraction Results 
The pr1mary use of low energy electron diffraction in this 
work was to characterize the surface on which the diffusion took 
place. However, a number of interesting, and as yet unreported. 
features of the nickel ( 111) surface were observed by LEED and 
are discussed below. 
The majority of the surface diffusion data reported in the 
literature was obtained from experiments conducted in a hydrog~.:n 
atmosphere. Figure 17 -a, b shows the effect of a high temperatu J"( 
hydrogen anneal on an initially clean, well ordered nickel ( 111) 
surface. The present state of the art concerning LEED pattern 
interpretation precludes defining the nature of the surface 
associated with this complex pattern. It can be concluded, 
however, that the original well ordered (111) surface has under-
g Once established, the reconstruct('d one a complex reconstruction. 
Q0°C th 
surface was stable from ambient temperatures to 10 ' e 
formation temperature. 
Were ma
de involving the diffuslon 
Anum ber of experiments 
of gold on nickel. 
meaningful 
The difficulties were such that no 
d"f . 1 fus1on data were obtained; 
1 xperiments however' sever a e 
d. g to LEED. 
resulted in appreciable gold spreading accor 1n 
F f before and after a 
igure 17-c,d shows the nickel (111) sur ace 
a. Clean nickel ( I ll} sur face 
before hydrogen anneal. 
c. Clean n ickel (Ill} surface 
before gold on nicke l 
surface diffusion 
e Cleo · k 
· n n•c el (I ll } su rface 
before high temperatu r e 
anneal. 
b. Reconstr ucted nickel (Ill) 
surface after 1000° c 
anneal in hydrogen. 
63 
d. Gold monolayer on nickel (Ill) 
after diffusion anneal at 
900° C for 100 hours 
f. Possible stepped structure 
after 1000 o C, 35 min. anneal 
in ultra -high vacuum 
Fig . 17 LEED PHOT OGRAPHS OF CHANGES IN TH E NATURE 
OF THE NICKEL {Ill) SURFACE DUE TO VARIOUS 
TREATMENTS . 
a. Clean nickel (Ill} surface 
before hydrogen anneal. 
c. Clean n ickel (Il l } surface 
before gold on nickel 
surface diffusion 
e. Clean nickel (Ill) su rface 
before high temperatur e 
anneal. 
b. Reconstructed nickel (Ill) 
surface after 1000° c 
anneal in hyd rogen. 
63 
d. Gold monolayer on nicke l (Ill) 
ot ter diffus ion annea l at 
900° C for 100 hours 
f. Possible stepped struc t ure 
after 1000 o C, 35 min. anneal 
i n ul tra -hi gh vacuum 
Fig . 17 LEED PHOTOGRAPHS OF CHANGES IN THE NATURE 
OF THE NICKEL {Ill) SURFACE DUE TO VARIOUS 
TREATMENTS . 
gold on nickel diffusion anneal at 900°C for 100 hours. The 
resulting LEED pattern is similar to LEED patterns obtained 
. . ( 35) . by Fe1nste1n for s1lver monolayers deposited on nickel ( lll ). 
C 1 1 t . b F . . ( 36) a cu a 10n y e 1nste1-n of the gold nickel surface lattice 
parameter ratio from Figure 17 -d showed the measured value 
to be within 3o/o of theoretical. Feinstein ( 36) also claims that all 
of "extra" diffraction spots in Figure l 7-d can be accounted for by 
multiple scattering between the gold layer and nickel substrate. 
An apparent faceting or vicinilization}:' of the nickel ( lll) 
0 
surface was observed after an ultra-high vacuum anneal at 1000 C 
for 35 minutes. The effect is shown in Figure l 7-e, f. A similar 
(3 7} 
phenomenon was observed on UO by Ellis who has shown the 
2 
resulting "shadow" spots can be accounted for if the surface has 
a stepped structure with an approximately constant interledge 
s · that the shadow spots could pac1ng. It is also possible, however, 
be due to an impurity or some unknown structural feature. 
The 
h d 1 ft r high temperature 
s a ow spots were seen on other samp es a e 
anneals, 
· F. re 17-f 
dl. st1·nct as those ln 
1gu · but were not usually as 
By Crys
tal heater power supply, 
proper grounding of the 
.t . while heating and cooling 
1 ls possible to observe LEED patterns 
~:' V · the creation of a 
lcinilization is a word coined to express 
vicinal surface from a singular or TLK surface. 
the sample. During the heating cycle a strange rotation of the 
diffraction spots was observed near 360°C. The reverse rotatwn 
(back to the original positions) was observed at the same tempera-
ture upon cooling. This rotation phenomenon was recorded by 
photographing the LEED pattern during the rotation. Figure 18 
shows the resulting LEED pattern. The initial pattern is the 
stepped structure pattern shown previously in Figure 17 -f. It 
can be seen that each pair of spots has moved a different amount. 
A vector representation of the rotation is shown in Figure 19. 
When viewed with the eye the rotation appeared to occur quite 
suddenly, as though snapping into place. The temperature at 
which the rotation occurs agrees closely with the curie point of 
. 0 
n1ckel (358 C). 
I . h the rotatl·on l·s associated with magnetic t 1s concluded t at 
properties of the surface. 
66 
Fig . 18 ROTATION OF LEED DIFFRACTION SPOTS ON 
HEATING A NICKEL (Ill) SURFACE THROUGH 
THE CURIE TEMPERATURE . 
t 
I 
Fig . l9 VECTOR REPRESENTATION OF THE DIFFRACTION 
SPOT ROTATION ASSOCIATED WITH THE MAGNET IC 
EFFECT SHOWN IN Fig. 18 . 
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THE CURIE TEMPERATURE . 
t 
I 
Fig . l9 VECTOR REPRESENTATION OF THE DIFFRACTION 
SPOT ROTATION ASSOCIATED WITH THE MAGNETIC 
EFFECT SHOWN IN Fig. 18 . 
VI. DISCUSSION 
A. Evaporation 
The theoretical analysis presented in section III predicts 
that significant evaporation loss of radioactive tracer may occur 
during a surface diffusion experiment. It was shown that the 
importance of the evaporation loss, relative to the parasitic 
volume loss, depends on the nature of the surface, the system 
being studied, and the time and temperature of the diffusion 
anneal. Theoretical calculations for selected fcc metals 
suggest that iron, silver and nickel, in that order, are increasn'q..:h· 
susceptible to tracer evaporation loss. Experimental studies 
on these metals tend to confirm not only the existence of the 
evaporation loss phenomena, but also the relative order of im-
portance suggested above. 
Th f the Stronge
st evidence for the 
e present study of ers 
lmportance of the tracer evaporation effect. 
First, the theoretlC_·al 
l h it could be quite ana ysis presented in Section III predicts t at 
lmportant. Secondly, the apparent lack of spreading at high 
t d would be hard 
emperature s is as predicted by the theory an 
to account for in any other way. Finally, 
the evaporation correct;.o:-: 
h ell·rninate the anomalous de-
w en applied to the data, appears to 
. h r temperatures. 
Pression of the measured diffusivities at hlg e 
I (21) t seems strange that Pye and Drew' apparently did not 
observe the evaporation effect in measuring the surface diffusivlty 
of nickel as high as l000°C. The fact that they did not suggests 
that nickel is a borderline case for tracer evaporation. In such 
a case experimental conditions, such as surface structure, 
impurities, etc. , could be very important and could either 
reduce or accelerate evaporation. 
(21) . 
Pye and Drew's expe r1ments 
in flowing hydrogen were significantly different from the present 
study which utilized characterized surfaces and ultra-high vacU1..ll11 ~· 
It seems that tracer evaporation could account for the lack 
f 
( 19) . . t 
0 measurable spreading found by Williams 1n po1n source 
experiments on alpha iron. The calculations pres en ted in 
Section III indicate that gamma iron is the worst offender for 
tracer loss during surface diffusion. Allowing the gamma iron 
1 ature region of ca culations to be extrapolated into the temper 
w· . (19) . llhams alpha iron exper1ments, Table II suggests that 
1 t temperatures evaporation loss could dominate volume ass a 
where measurable tracer spreading might occur. 
The work of Drew and Pye (24} on silver surface self-
diffusion 
' 
shown in Figure 20, 
1 5 depression exhibits an anoma ou 
of D s above 500° C. 
attribute this anornaly 
These investigators 
( 19) 
to trapping of the 
shown, however, 
tracer into the volume. 
Williams has 
will affect Drew and 
















2~~~--~~~--~~~--~~'~--'~ 1.0 1.2 1.4 1.6 1.8 2.0 
1/T X 10 3 (K-1) 
THE TEMPERATURE DEPENDENCE OF THE 
SURFACE SELF-DIFFUSION COEFFICIENT 
FOR SILVER (321) ACCORDING TO DREW 
AND PYE (24>. 
(24) 
Pye 's data by several orders of magnitude over thl' t·J,t. r1· 
temperature range. It is suggested here that a more pla.,,e:;:,;~-
reason for the increasing depression of D above 500°C ;:-, r~-­
s 
stricted tracer spreading due to tracer evaporation. Tra.' t: r 
evaporation is shown to be quite important for silver d.bo\·e 
0 500 C in Table II. The similarities of the evaporation dfn: 
found in the pre sent study on nickel and the anomalous dl·]Ht· ;,;- .<•:. 
fD f . P '(24) '1 t d.-·. -pp·r~··t o ound 1n Drew and yes Sl ver s u 1es u; c1 c1 ... 
s 
B. Mechanism of Surface Diffusion on Nickel (lll) 
The most probable mechanisms to consider for self-d;:L"'·' ·. 
on the close -packed planes of fcc metals are the adatom and._.<>,<>:. 
mechanisms. It is proposed here that the ada tom me cham sn~ . ~ 
primarily responsible for surface self-diffusion on nickel ( 111\ 
over the temperature range of the present investigation, namvl·. 
612°C to 840°C. The single activation energy of 37. I kcal mu; 
is indicative of a single transport mechanism. The lim1ted 
temperature range precludes a more positive statement con'(' r1..:.~ 
the po s si bil i ty of competing mechanisms as suggested by G_1o:- t<· · :. 
It is suggested that the surface diffusion activation energy of 3-; -
kcal/mol is associated with the transport mechanism shown :r. 
Figure 2. A tracer atom at a ledge site (n:: 5)+ jumps to a 
t b series of terrd.C(' 
errace site (n ::: 3), crosses the terrace Y a 
jurnps, and once again is trapped at a ledge site. 
Th . d' t d for several e vacancy mechanism 1s 1scoun e 
rea so:-.:-
'., 
It . ld have been o ·J= e ,.,., r: 
18 unlikely that tracer evaporation loss wou 
if Tracer evaporatior: 
a vacancy mechanism was dominant. 
f gy change 
rorn the surface layer would require a net ener ~ 
of 9 d 'th 5 for adatorn 
nearest neighbor bonds, compare Wl 
+ 
''n'' · · hbor atoms. ls the number of nearest nelg 
evaporation. Recent theoretical calculations by WynbL.J.tt ,1 ~,(; 
. . ( 38} . Gjosteln for copper pred1ct that the activation eneq,:\ fu:· 
self-diffusion on the (111} surface by the vacancy mechan:!-1: .. ' 
50o/o greater than the adatom activation energy. The\· furt!.(· :-
suggest that since D for the adatorn mechanism should d.lwa., !-
o 
be greater than D for the vacancy mechanism, the single 
0 
adatom mechanism should dominate. 
The activation energy of 37.7 kcal is in agreemt:"nt 'J.,::. 
the predictions of the simple nearest neighbor bond en(~r,.:·.-
relationships as applied to the suggested adatom mechani :-.n. 
Assuming the activation energy to be the energy to move tl·.(· 
tracer atom out of the ledge trap and on to the terrace as ~!.-.-.,·. 
in Figure 2, Q(s) is given by: 
B heat Of sublimat10n. ~H ... _ ased on the assumption that the 
equal to 6Q where Q is the nearest neighbor bond enerio.":·; C.. · 
for nickel ( 111) is 33. 3 kcal. 





Several authors( 29 • 30 ) have 
139) t' ~- '(:-
K - 's' es ,n.c:-used Mac enzle 
is needed 
fJ/3 in calculations where an estimate of Q3M3 
. ( 38) 
rno Wynblatt and Gjostem 
re recent calculation by 
for 
. tely G/30. 
gives a much lower estimate of approxlma 
T!·.c 
0 56 kcal 





5. 6 kcal/mol and the corresponding range for Q 1 ~ ~ ~- ,, 
s 
kcal/mol to 38. 9 kcal/mol, essentially in agreement w;t~. 
the experimentally determined Q of 37. 7 +3. 8 kcal, mul 
s 
It is recognized that the quantitative values of tlw c\'"-i'' :.,-
tion flux loss used to correct the higher temperature dt!L:-.\.:.• L 
are speculative due to the assumptions involved in the theu n 
It is believed, however, that the speculative nature of tLc 
evaporation loss does not seriously undermine the repurtt·<: 
activation energy. 
0 
Except for the 840 C run, which w;,.:- u-. • 
diffused, the evaporation loss was minimized and tlw (1 t: t ~ \' d ~ • \ •. 
energy calculated from the uncorrected diffusiv1ties 1 s w ': :. ~ :. ,, 
few kcal. of the reported value. On the other hand, tf ti·.~: 
d f ted 1t wodci evaporation flux was significantly un eres tma 
' 
h d. g on th(· H4(, 
v • 
.. ""'' 
ave been possible to observe tracer sprea m 
found l·n this study 15 ln guud ;.,._::-•• The large value of D 
0 I'. 
't 
ment with the D proposed for adatom diffusion by G_lo~tc::·. 
0 
Th J·ustt'fy his predictton a:-e 
e arguments he puts forth to 
but W
ill not be repeated :·.e :- , .. 
pertinent to the present study, 
The bisymmetric nature Of t
he tracer s pre adt r.g -. s :·.l : 
b blv assoc:atcc ··'· .::. 
under stood at this time, but is very pro a ' 
the surface structure and the surface diffusion mccha:~::o:~ .. 
ls t's vt'ct·nal and that either t!·,l 
possible that the surface 
1 d -c 
. d . th the mean e ~. 
short axis of the ellipse is as soctate wt 
. 
i4 
direction. Electron microscopy revealed macroscopic ledges 
in several areas on the surface, b t · 1 u monatom1c edges are, of 
course, beyond the resolution capabilities of the electron 
microscope. 
The restricted mobility and the symmetrical nature of 
the tracer spreading on non-close-packed surfaces are further 
evidence of the importance of surface characterization in 
surface diffusion studies. These observations also tend to 
support the proposed adatom mechanism. It is likely that an 
adatom moving on a rough, open complex surface would have 
its mobility sharply reduced, compared to its mobility on a 
relatively smooth close -packed TLK surface. The change from 
the bisymmetric to symmetric spreading on going from the 
close -packed to the complex sur face would be expected for an 
adatom mechanism. 
Direct correlation of the results of this study with prevwus 
investigations is not possible due to gross dissimilarities in the 
that the results reported 
It is observed, however, experiments. (4) 
. . 's 
in the present study do not readily agree with GJostem 
th sis discussed 
general correlation and dual mechanism hypo e 
. determined ln 
The activatlOn energy 
on page 6 in section II-A. 
(T ::: absolute melting 
M this study equal to 22 T kcal M 
to fall between 
equal to 285 seem temperature) and the D 
0 
r"" • -
"'• L~ --- ~ 
C. Low Energy Electron Diffraction 
The use of LEED in the present investigation confirms 
the previously suspected fact that surface characterization 
should be a very important factor in any surface diffusion 
study. The apparent structural difference between a clean 
nickel (111) surface and the same surface annealed in hydrogen 
as shown in Figure 17 -a, b is strong evidence in support of 
more and better surface characterization. The fact that even 
an otherwise "clean surface" experiment can become contaml-
nated by impurities from its own bulk as in experiment number H 
· · · th surface ls additional proof of the necessity for charactenzmg e 
before and after a diffusion anneal. The prevailing concept of 
using data from uncharacterized, but probably uniformly 
" d' g of transport 
dirty", surfaces is not valid when an understan m 
mechanisms is the avowed goal. 
Characterize the surface 5 Although the use of LEE D to 
diffusion studies' it 15. of interest is a step forward in surface 
More information is needed in its present form, not enough. 
ch as the 
concerning the structural aspects of the surface su 
and the vacancy 
ledge density, the average interlink distance, 
concentration in the surface. 
76 
VII. CONCLUSIONS 
An adatom transport mechanism on a Terrace -Ledge-Kink 
type surface can account for most of the quantitative and qualitative 
features of surface self-diffusion on nickel (111) over the temperature 
0 0 
range 612 C to 840 C. The diffusivity, over the above temperature 
range, is described by the following Arrhenius type expression: 
D 
s 
= 28 5 e -( 33, 700 + 3, 800) /R T cm2 I second 
Evaporation loss of radioactive tracer during a surface 
diffusion experiment can be a serious problem on several fcc 
metals including nickel. Tracer evaporation loss must be 
a . . . ·t· loss of tracer into ccounted for 1n a manner s1m1lar to paras1 lC 
th b d t . t spreading of the 
e ulk. The evaporation effect ten s to res nc 
d . b rved on nickel ra ioactive tracer. Tracer evaporatlon was 0 se 
(111) b o t l·n the analysis of the data. a ove 7 50 C and taken into accoun 
. 1 ( 111) surfaces could be 
Clean (according to LEED} n1cke 
) b ing ultra• obt · · f · nneal Y us 
alned (and maintained during a dlf uslon a 
· and high 
high vacuum techniques, ion bombardment cleanlng, 
temperature annealing in selected atmospheres. 
Characterization 
1 to avoid b L a diffusion anne a 
Y EED is necessary before and after 
ano~ 1 
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IX. APPENDIX 
A. Surface Structure 
Assuming a TLK model of an fcc (111) surface, it is of intere&t 
to estimate such surface parameters as the average interkink distance 
)..k and the average ledge spacing x. 1 . 
For surfaces oriented within a few degrees of a low index 
plane, Burton and co -workers ( 30) suggest a vicinal structure. 
According to their model the vicinal planes differ in structure 
from the low index ~lane by the presence of a certain density of 






where Q is the angle of deviation from the low index plane. This 
type f 2 Table VI gives the 0 structure is illustrated in Figure · 
ave . . 1 5 h the inter-
rage ledge spacing for various dev1at10n ang e · ' 
ato . . -8 Thus' for comrnonh 
rnlc d1stance, i~g assumed to be Zxl 0 ern. 
pr b easily oriented 
epared single crystal surfaces which can e 
Within a few degrees of a chosen plane, the vicinal surface model 
. c dis-
suggests th A. 10 and 1000 interatornl 
at 1 should lie between 
tances. 
(29) dernon-
U Hirth and pound 
nder net evaporation conditions 
Strate th e rate a ledge 
at an initially singular surface can gen 
Table VI. Average Ledge Spacings of a Vicinal 
Surface for Various Angles of 
Deviation from a Low Indices Plane 
~1 
A. (interatomic 
Qldegrees) 1 (em) distancesl 
0.25 4.55xl0 -6 227 
0.5 2.30xl0 -6 115 
l.O 1. 14xl0 -6 57 
1.5 7.63xl0 -7 38 
2.0 -7 29 5.73xl0 
2.5 -7 23 4.58xl0 
3.0 -7 19 3.82xl0 
-






where Q is given by 
[ 
1/2 
Q ~ ;s e -3 Q I R T J 
D is the ad<l.torn surface diffusion coefficient, v is the Debye s 
vibrational f:tequency and Q the nearest neighbor bond energy. 
Using bond energies based on the relationship 
(2 <)) 
to be the following: and Pound estimate A. 
1 
T°K T/TM 
Copp~ r ( 111) 800 . 59 
1300 . 96 
Silve{' (111) 800 . 65 
1200 . 97 










. A on a TLK surface The <l.verage distance between klnks { k) 




Wh Using Gjostein 's 
el."e W ts the energy to form the kink. 
(9) 
0 
. 1 t 1000 K: appl"O)(in-J.q_tion "' 1 we have for mcl<e a 
, w"' lO 6H8 , 
A = .!_ c 1 2 o e 
3 10.2xl0 
2000 
::: 82 0 
This indicates that trapping of tracer atoms at kink sites will 
probably be small. 
B. Equipment 
1. Ultra-High Vacuum Chamber 
The heart of the experimental equipment used in th1s 
study is an ultra-high vacuum chamber, shown in top view in 
Figure 4 of the text. The chamber is pumped by a 5000 liter per 
second ion pump and has an auxiliary titanium sublimation pump 
with a pumping speed of 10, 000 liters per second. The pressure 
in this system, after bake out at 250 ° C, has been reduced as low 
-11 
as 5xl0 torr. The chamber and pump utilize all metal gask<>U 
and the entire unit can be baked to 300°C. The system is roughed 
by a 45 cfm mechanical vacuum pump and is protected from otl 
backstreaming by a molecular sieve. 
d . d to allow an entire diffusion The chamber was es1gne 
e The sample is mounted on 
xperiment to be conducted in-situ. 
d ular mottOn 
a holder that can transmit rotational, linear an ang 
be rotated 
to th The sample can 
e sample inside the chamber. 
Surface treatments and to face any of the inlet parts for various 
exp · er1mental procedures. 
2. Ion Gun 
The ion gun used in this work utilizes a hot filament 
to produce electrons which in turn are used to ionize a gas 
such as argon. The argon ions are collimated, accelerated 
and focused by a series of electrostatic plates to form a beam. 
The gun is commercially available from Varian Associates and 
is shown schematically in Figure 21. The power supply and 
controls for the ion gun were designed and built in the Materials 
Research Center. A schematic of the controls is also shown tn 
Figure 21. The current output of the ion gun depends on a num bn 
of variables including gas pres sure, accelerating voltage, and 
emission current. Operating characteristics of the gun are 
demonstrated in Figures 22, 23 and 24. Under typical conditions 
. r square centimeter 
an ion current of one -half to one m1croamp pe 
can be impinged on a surface six inches from the last plate. 
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Fig. 22 ION GUN CURRENT AS A FUNCTION OF 
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3. Low Energy Electron Diffraction (LEED) 
It is possible to study the crystalline character of a 
single crystal surface by the diffraction of low energy electron& 
from it. Elastically scattered electrons in the energy range 
50 to 250 volts are diffracted from the surface layer of atoms 
according to the classical grating formula resulting in a diffract10r. 
pattern that is geometrically the reciprocal lattice of the surface 
structure. Sine e the electrons interact only with the outermost 
layers of a sample it is possible using LEED to determine the 
crystallographic nature and cleanliness of the surface of mteH~' 1 
I th . . . . 't · enerally accepted n e case of chem1sorbed 1mpur1t1es 1 lS g 
th t L . t of a monolayer 
a EED can detect approx1mately a quar er · 
of impurities. 
h . work is of the post-The LEED apparatus used in t 1s 
accelerated display type. A schematic presentation of the 
device is shown in Figure 25. 
d · an elect ron 
The incident electron beam is generate m 
f fluore:,ce:-.~ 
in the center o a 
gun and directed through an aperture 
beam strikeS the sample This screen and two adjacent grids· 
Of curvature of or target, which lies at the center 
the fluort>~' (·;-.~ 
pass ~;a' ~< 
screen. The reflected and diffracted electron beams 
t1""1 e 
. ht spot pattern on 



































SCHEMATIC CROSS SECTION OF A posT-
ACCELERATION DISPLAY TYPE LEED 
APPARATUS SHOWING THE BE~AVIOR 
OF REFLECTED ELECTRONS. 
- ·-
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fluorescent screen, as in Figure 26. Thie pattern is observ~d 
through a window on the other side of the ~ampl~. For exc 1tat 10n 
of the phosphor on the screen, the diffrc;~-~t~d beams are accel-
erated to several kilovolts by a strong etec:tric field applied 
between the screen and the outside grid· ro the inner, sup-
pressor grid a negative voltage is appH~d which reflects low 
energy secondary electrons. If these wete allowed to reach 
the fluorescent screen they would proouce an intense, bright 
background, interfering with observatioll of the diffraction 
pattern. 
Because of the stray magnetic field frorn the ion purnp 
m . 1 1 tri""'ming magnets agnets it is necessary to prec1se y ~J.ace •v 
in. appropriate places around the LEtJ)optice. Tnese exact 
t d it is im-
spots are difficult to find and until tlleY are 1oca e 
f the gun and onto the 
Possible to bring the electron beam ~vt 0 
1- a<mets wilL of course. 
sample. The proper locations for t•te tn f:' 
. d error can tJ-,e 
vary with their strength. Only by p~:~,tient trtal at1 
. d Conetic sheet 
proper trimming magnet location b~ <iete:rn-nne · 
w "'~ .-.... ber and th e LEEV opt1o 
as wrapped around the vacuum Cr>~~·l 
netic sta1nle s s 

























SIMPLIFIED VIEW OF LEED APPARATUS SHOWING 










C. Specimen Preparation 
The high purity nickel single crystal rod was purchased frun. 
Research Crystals, Incorporated, Richmond, Virginia. The c n ~t;,; 
was approximately three inches long and one-half inch in diameter 
and was oriented to within one degree of the (lll) surface. Platele:!-
approximately 0. 050 inch thick were spark cut from the rod paralltl 
to the (111) surface. The spark cutting treatment leaves the surfa< ,. 
quite rough. This roughness is removed and the two surfaus ui t!.< 
platelet made parallel by grinding on 400 grit grinding paper· l!.t 
specimen is then mounted in a clear lucite mount and the cyllndr:< ,,; 
platelet is converted to a 1/4 11 x 1/2'' rectangular platelet by gr:;,(;;: . ..: 
on 180 grit paper. The thickness of the platelet is further reduc('G 
to approximately 0. 020 inch, with finer grinding grits being used e:.· 
the final desired thickness is approached. 
A scratch free surface.~ 
obtained with a gamma alumina final polish. 
A further reduct;OT~ uf 
. accomplished bY 
cross section of approximately 0. 005 inch ts 
face cold v:o;i<. 
chemical polishing, which removes most of the sur 
. It has been found that 
lntroduced in the previous operations. 
(21) . asonable time 
Drew's solution removes the material m a re 
and leaves a very smooth and bright surface. 
Best results art' 
. . lose to the 
o bt · f h so 1 u t 10 n 1 s c 
amed when the temperature o t e 
. is cool can 
b '1 when the solutton 01 ing point. Staining that occurs 
be removed by increasing the temperature. The formulation of 










At this stage of the preparation approximately 40, 0. 010 inch 
diameter, two inch long, nickel wires are spot welded to each end 
of the specimen. The wire is of 99. 999o/o nominal purity. The 
wires are twisted to form a cable which is attached to the sample 
holder. A photograph of the final arrangement is shown in 
Figure 3. Two platinum-platinum, 1 Oo/o rhodium thermocouples 
are spot welded to the back of the sample. The sample is then 
given a final chemical polish treatment to clean the surface and 
to remove possible contaminants from the spot welding process. 
The sample is then rinsed in distilled water, acetone and methanol 
and immediately placed in the vacuum chamber. A pictoral 
representation of the specimen preparation procedure is shown 
in Figure 2 7. 
. 01~" 
,-------------------~ ~ T/ /r-
1/4" 
j_ L.-___ ___,V 
~.,. ____ 1/2"----~ ..
FRONT 
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STEP 1. 0. 050' wt:>dges are cut 
perpendicular to the ( 111) direction 
from nickel single crystal. 
STEP 2. The surfan s of the 
cylindrical wedge are made 
parallel and the cross section 
reduced to 0. OZO" by gnnding. 
STEP 3. A r(•ctangular wedge, 
1/4" by 1/2'', 1s ren1oved by 
grind1ng . 
STEP 4. The spec1men 1s given 
d rnetall()graph1c and chemical 
pollsh to prud11( e <i l>r1ght v..•ork 
frc>e surfa,·t·. 
s·1 EP S. ApproxllnatPly 40 
0. UlO dta .. n1ck• 1 wtres and 
tv.o thern1oloupi•...., dre spot 
weldt·d tv th(' bc1< K. 
S T E P 6 . The s ;~ n-. p l e 1 s g i v en 
a final surfacP treatrnent in 
Drew's solution and thoroughly 
r1nsed. 
Fig. 27 SEQUENCE OF STEPS ILLUSTRATING THE PREPARA-
TION OF A SURFACE DIFFUSION SPECIMEN. 
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D. Sample Heating and Temperature Control 
The temperature of a sample is controlled by direct resistance 
heating of the sample itself. For the specimens used in this work 
the necessary current ranged from 20 to 40 amperes. As described 
'• 
in a previous section, high purity nickel wires are spot welded to 
the ends of the specimen and these wires clamped in the specimen 
holder. This technique avoids introducing contamination from the 
sample holder to the sample. The number of wires used on each 
end is such that the total cross section of the wires is approximately 
equal to the cross section of the sample. 
A power supply and control circuit was built for automatic 
regulation of the sample temperature. A schematic of the system 
is shown in Figure 28. A d great deal of difficulty was encountere 
when the Honeywell controller h was first used in conjunction wit 
the SCR power supply because of the extremely low resistance of 
the sample. Th · b 
lS pro lem was overcome by placing a one-ohm, 
lOOO-watt resistance in series with the sample. Two thermo-
couples are used on each sample, one for control purposes and 
the other for an independent recording of the temperature. Even 
with the thermocouples directly on the surface of a specimen the 
accuracy of the temperature measurements is not held to be greater 
than +5 degrees, because of control and cold junction problems. 
...--------
I _n_ 
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Fig. 28 PO'WER AND CONTROL CIRCUIT FOR DIRECT 
RESISTANCE HEATING OF SURFACE DIFFUSION 
SPECIMENS. 
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E. Radioactive Tracers 
The radioactive tracers used in this investigation are nickelc) 
and gold 198 The gold tracer was obtained by activation analys1~ 
1n a nuclear reactor. The nickel comes in an HCl solution in the 
form of NiC1
2
. A source of carrier free nickel 63 having a specific 
activity of 70 curies per gram was found. 
The problem of determining the proper tracer source for this 
type of diffusion experiment was a major source of difficulty m the 
experimental work. Most of the tracer work reported in the 
literature has been done using a point source. The tracer is 
incorporated into a needle made of the same metal as the sample. 
The needle point is placed on the surface and in fact usually 
sinters to the surface. This type of source is considered to be 
of the constant C type, where C is the concentration at the 
0 0 
position X ::: 0. For various reasons it was hoped that a vapor 
deposited line or spot could be used. Several vapor deposition 
techniques were tried but met with little succes 8 chiefly due to 
the ct· ff' Early evl· denc e of rapid tracer 
l 1culty of reducing NiC1 2 . 
spreading at low temperatures was later shown to be due to NiCl2 
transport. A point source was finally developed by electroplating 
6 3 nl· ckel needle and then giving 
carrier free nickel onto the tip of a 
th d A needle source of appro:xl-
e nee le an homogenizing treatment. 
rnately 100,000 cpm proved very effL'ctl'..-t.~ and' u\;ld lw .---.·r: r: . .t:.-. 
times. The needle had a tip radius of Lippruxl!l1d1•·h U. l ;, r: .. tJ. 
meters. A typical indentation made by the pu1nt :-.<l\ll'< ,. ~ ~·.,,·,'.: 
1n Figure 5 1n the te:xt. 
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F. Autoradiography 
The diffusive spreading of the radioactive tracer was followed 
by means of autoradiography. After the diffusion anneal the sample 
is removed from the chamber and placed on an appropriate emulsion 
and exposed for various lengths of time. As shown by Drew and 
{21) 6 3 Pye , for nickel , the darkening of the photographic emulsion 
at any point can be assumed to be directly proportional to the con-
centration of tracer at the corresponding point on the sample. This 
linear relationship does not hold for exposures resulting in optical 
densities greater than 2. A typical autoradiograph is shown in the 
text in Figure 6 for diffusive spreading from a point source. A 
number of emulsions were tried including Kodak type No-screen 
autoradiographic plates, and Kodak type NTB3 Nuclear track 
plates. The most satisfactory emulsion seemed to be Kodak 
Type A autoradiographic plates. Characteristics of these plates 
are given below: 
Mean grain diameter 0. 65 m1crons 
Emulsion thickness 25 m1crons 
Overcoat thickness l m1cron 
Proper Safel ight Filter Wratten Series 6B 
l (I ·, 
Developing conditions are: 
Step Solution Time Ternperatun· 
l. Develop D -19 Developer 4 0 m1n. 20 c 
2. Stop Running water 10 min. 20°C 
3. Fix Fixing bath F- 5 Twice time 20°C 
to clear 
4. Wash Running water 1 hour 20°C 
5. Dry Slowly in dust 
free atmosphere 
The density of the autoradiograph is determined by means td 
an automatic recording microdensitometer. This instrument sc;irls 
the autoradiograph and plots optical density as a function of d1stant c 
An effective scanning slit width of 10 microns was determined to tJc 
optimum. Actual instrument settings are given on the densitonletcr 
trace shown · F. 1n 1gure 7. The microdensitometer used is a Joyce 
Mark Ill-C. 
To insure consistent results the exposures were made such 
that the edge of the . d h ·mum densit\· of po1nt source matche t e ma:x1 · 
the calibrated grey wedge used in the microdensitometer. l. e. 
an optical density f 2 0 . Therefore, that portion of the autoradio-
graphs corresponding to the area over which the tracer spread 
always had an optical density less than 2. 
The pos si bil ity of absorption effects on the tracer in the 
bulk has been considered and can easily be shown to be negligible 
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